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ABSTRACT
Thermoelectric properties have been known since the initial discovery in 1821 by Thomas
Seebeck, who found that a current flowed at the junction of two dissimilar metals when placed
under a temperature differential. This was followed by the discovery in 1834 by John Peltier,
that the inverse was also true. That is, that a current applied to two dissimilar metals would yield
a temperature differential. Interest in thermoelectrics laid dormant for almost 100 years and
were primarily a laboratory curiosity. That interest was revived in the early 1900s with
applications for remote power generation aboard satellites and several military applications.
Thermoelectric devices, such as beverage coolers or thermocouples for temperature sensors, that
tried to make use of these characteristics shortly followed. However, commercial success soon
slowed down as efficiencies of the materials were not conducive to profitability. The
effectiveness of a thermoelectric was described by a dimensionless figure of merit given by
ZT=(S2a/ke+kp)T, where S is the Seebeck coefficient, T is the operational temperature, a is the
electrical conductivity, ke is the electron contribution to thermal conductivity, and kp is the
thermal conductivity due to phonon propagation across a crystal lattice. From the mid-1940s
until the 1970s there was very slow progress in increased thermoelectric material efficiency,
which culminated in a ZT=1 with (Bi2Te 3). For approximately 30 years progress stagnated. In
1993, however, new ideas emerged that called for the fabrication of low dimensional structures
to enhance electron conductivity while inhibiting phonon contribution to thermal conductivity.
Advancements in material efficiency have made great progress since then. Businesses are, once
again, looking at thermoelectrics for potential commercial ventures.
This thesis will begin with an examination of the theory behind thermoelectric properties,
followed by an explanation of the methods used to assess thermoelectric device and material
performance. It will then review some of the advancements made in low dimensional structures
such as two-dimensional structures of quantum wells, one-dimensional nanowires, and zero-
dimensional quantum dots. A market analysis of current commercial applications is presented. A
proposed business model exploiting the power generation mode of thermoelectric devices is
introduced. And, finally, an overview of the intellectual property landscape describes several
patents relevant to the proposed business model.
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Chapter 1: Introduction
1.1 Seebeck effect
In 1821, Thomas Seebeck accidentally found that an electric current would flow continuously
between two dissimilar metals when their junctions were maintained at two different
temperatures. The voltage thereby produced was proportional to the temperature difference
between the two junctions. This phenomenon is now known as the Seebeck effect and
mathematically described by the relation: S=-dV/dT, where S is the Seebeck coefficient in
general units of Volts/Kelvin, dV is the voltage difference as measured between the hot and cold
junction, and dT is the temperature difference. The sign of the coefficient is positive when the
direction of the electric current is the same as the direction of the thermal current. Over the
years, it has been found that metals make for poor thermoelectric materials for reasons to be
explained in section 2.3. Consequently, typical thermoelectric (TE) devices use semi-conducting
materials. Thus, S is the same sign as the majority carriers. That is, positive for p-type material
and negative for n-type material. Typical thermoelectric devices consist of a pair of dissimilar
materials, or elements, placed between ceramics or aluminum substrates. The alternating p-type
and n-type elements are connected such that the current flows in series while the heat flows in
parallel. Figure lb presents a schematic of a device that makes use of the Seebeck effect to
generate power [1].
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As shown in figure 1b above, heat supplied to the hot side causes electrons and holes to
thermally diffuse to the cold side. That motion is responsible for carrying an electrical charge.
The higher charge concentration on the cold side builds an internal electric field that resists
further diffusion, which gives rise to a voltage. Heat associated with such flow is proportional to
the Seebeck coefficient of each material. In addition to heat transfer due to charge flow, heat
also flows from hot to cold due to material thermal conduction and joule heating. Therefore, in
power generation mode, the net heating is described by [2]
1 2
QH=(Sp-Sn)ITH+K(TH-Tc»)-Il R, (1.1)
where:
• S, and So are the Seebeck coefficient of the p-type and n-type material, respectively,
(V/K),
• I is the current generated, (A),
• THand Tc are the temperatures of the hot side and cold side, respectively, (K),
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* K is thermal conductance (W/K) in terms of thermal conductivities in parallel K= k~,A/L p
+ knAn/Ln, where kp & k, are thermal conductivities of the p-type and n-type elements,
respectively (W/m*K). A and L represent the cross-sectional areas (m2) and lengths (m)
of each semi-conducting element, respectively.
* And, R is the electrical resistance (2) of the two branches in series given by R = L,/GpA p
+ Ln/anAn. Units for A and L are as before. Units for a are in ((nm)-').
The power output is then given by:
W = I2RL, (1.2)
where RL is the external load resistance of the output circuit and the output current relation is
(SP - Sn)(TH - Tc)
I=
R+R L
(1.3).
The thermal efficiency, which is the ratio of the power output per heat supplied, is therefore
defined as follows:
W I2 RL(Sp )IT 2  
H (S, - S,)ITH +K(TH- TC) I_ 12R
(1.4).
Maximum efficiency can be obtained when RL=R and determined by setting drj/dRL = 0 to get:
-7-
Til + +Zc . Tcx
(S - S) 2
C [1/2 + (k 1/2 2(k pp) 1/ (, nPn) 1
the Z of the couple, and
Tav= V2(TH + Tc)
Therefore, the device figure of merit depends on both legs, while the individual figure of merit
for each material is given by the following [2]
2S o-Z=k k
The first term of the maximum power (TH-TC)/TH is the Carnot efficiency. Equation 1.5 shows
that one could increase the power to operate closer to the Carnot efficiency by increasing ZT, the
material figure of merit. Research efforts into increasing ZT will be discussed in Chapter 2.
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Here,
(1.5).
(1.6),
(1.7).
(1.8).
1.2 Peltier Effect
In 1834, 13 years after Seebeck's initial discovery, Jean Peltier, a French watchmaker and part-
time physicist, found a phenomenon opposite to the Seebeck effect. That is, when an electrical
current is applied through the junction of two dissimilar metals, a temperature gradient arises
between the two. Figure 1 a presents a schematic of a device that makes use of the Peltier effect
for cooling. In this case, the mechanism that creates the temperature gradient can be explained
as follows. Current is passed from the n-type leg, with electron carriers, to the p-type leg, with
hole carriers, so that both electrons and holes move away from the cold junction. Similar to the
Seebeck effect, heat also flows from the hot side to the cold side due to the material's thermal
conductivity. Additionally, a heat flow is generated due to Joule heating within each element.
The heat absorbed at the cold junction is then given by
Q = (IIH-I c)I (1.9),
where II is the Peltier coefficient and I is the current. The net cooling power of the couple is
therefore given by:
Qc= (Sp - S,)ITc - K(TH - Tc)-1/212R (1.10),
where the variables are as above. Here, the electrical power consumed by the pair of legs is
W=(S - Sn)I(TH- T)+ 2R (1.11).
The efficiency is then
-9-
0= QC(1.12).
w
Its maximum can be found by setting d(p/dI=O, which leads to the maximum cooling efficiency:
I. + ZcT, THTC TC
T, -T c  J1+ ZeT. +1 (1.13),
where again Zc is as above and depends on the couple [2]. The absorption (cooling) or rejection
(heating) of heat depends on current direction. Therefore, Peltier heat is reversible. One can
obtain either cooling or heating at a junction by simply changing current direction.
1.3 Thesis Introduction
Since 1993, thermoelectric materials and device efficiencies are advancing at an increasingly
rapid pace. Consequently, the industry is gaining recognition as a viable alternative in the
energy sector. As such, this thesis provides an overview of TE material advancements, describes
some market applications, and introduces a business model behind a potential new application of
thermoelectrics exploiting the Seebeck effect. After having reviewed the Seebeck and Peltier
effects of thermoelectrics in the previous two sections, this thesis will then proceed with an
explanation of the methods used to assess thermoelectric device and material performance in
Chapter 2, sections 2.1 to 2.3. Chapter 2, section 2.4, will then review some of the advancements
made in low dimensional structures such as two-dimensional structures of quantum wells, one-
-10-
dimensional nanowires, zero-dimensional quantum dots, and bulk nanocomposites. Chapter 2,
section 2.5, will briefly mention historical advancements in ZT. Chapter 3 provides a market
analysis of current business entities and commercial applications. Chapter 3, section 3.3,
proposes a business model exploiting the power generation mode of thermoelectric devices and
some of the issues with the business are discussed in section 3.4. And, finally, chapter 4 gives an
overview of the intellectual property landscape and describes several patents relevant to the
proposed business model.
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Chapter 2: Material Performance
2.1. Power Generation Coefficient of Performance
To understand power generation operating characteristics, a hypothetical device, such as that
shown in figure 1 c, is created with the following design features:
* Bulk Bi2Te 3: Sn= -200 pLV/0C; Sp=220 iV/PC [2]
* Electrical conductivity: a = 1.1x105 (fm)"' [23]
* Thermal Conductivity: k= 1.6 W/m*K [2]
* Element Width: 0.5mm; Length: 0.5mm; Height: 0.5mm
* Number of couples: N= 16
* Tc=300K
Equation (1.3) is used to solve for output current as a function of temperature change assuming
that the external load resistance of the output circuit is matched with the electrical resistance
such that RL=R. The theoretical output current at each temperature differential is then used to
solve for the heat that must be supplied to the hot side (QH) using equation (1.1). However, in
order to use equation (1.1) the thermal conductance and electrical resistance must be found.
Using definitions given above for the equation and assuming that both elements of the couple
have the same dimensions and thermal conductivities - that is, both the p and n elements are
matched - we find the thermal conductance is given by
K=k*(A/L)=(1.6W/mK)(2.5x10T7 m2/0.5x 103m)=8.0x 104 W/K.
Under similar assumptions we find the electrical resistance to be
R = (1/a)(L/A)=(1/.1x10 5)(0.5x10 3 m/2.5x10-7m 2)=l.82 x10-2 V/A.
-12-
We can now solve for QH, the heat supplied, with equation (1.1) under the match load
assumption. Since the resultant QH is for one couple, we must multiply by the number of
couples (N). The solid straight line in figure 2 shows that the output current increases for
increasing temperature differential. This is, of course, hypothetical as Bi2Te3 does not retain its
thermoelectric properties above 700K. In addition, it reaches its maximum ZT = 1 at around
400K and decreases thereafter. However, this hypothetical study shows the general trends of the
equations mentioned above. The crossed-marked line shows the amount of heat that must be
supplied to the hot side of the thermoelectric module to generate the temperature differentials
and output currents, given by the diamond-marked line. In figure 3, the crossed line represents
the output power generated with equation (1.2) at each temperature difference. Note that it has a
"deeper" curvature than the amount of heat supplied. Therefore, one would expect that the
efficiency, which is the ratio of W/QH, would reach a point of diminishing increases at larger
ATs. This is indeed what we see in figure 4. Efficiency was determined using equation (1.4).
For figures 2-4, ZTavg fell within a range of 0.9 < ZTavg < 2.2. Table Al in Appendix A, shows
data generated for each temperature differential.
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Figure 2: Heat supplied and output current versus temperature difference. Cold side temperature
at T=300K.
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Figure 3: Output current and output power versus temperature difference. Cold side temperature
at T=300K.
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Figure 4: Output current and efficiency versus temperature difference. Cold side temperature at
T=300K.
As was previously mentioned, maximum power output occurs when RL=R. Setting dri/dRL=0
determines maximum efficiency measured through the power generation coefficient of
performance, which is proportional to the Carnot efficiency multiplied by a function of ZT, per
equation (1.5). One expects that the efficiency would increase with increasing figure of merit
and temperature difference. Figure 5 shows a plot of ir versus temperature differentials, with
Tc=300K at each TH, within a range of 0.5 < ZT< 6. The figure assumes a constant ZT at each
temperature, which in reality is not the case. However, this assumption helps us understand
behavior of -q with ZT.
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Figure 5: Power generation theoretical efficiency versus temperature difference at several ZTs.
2.2. Cooling Mode Coefficient of Performance
Under the same assumptions previously stated in section 2.1, we can similarly derive curves for
the cooling mode. In this case, a current is applied to the thermoelectric module to generate the
desired cooling. Therefore, we want to understand how different TE attributes vary with applied
current. Industry typically uses four different curves to assess required performance relevant to
specific application. Figure 6 shows the thermoelectric modules heat pumping capacity (Qc) in
Watts as a function of input current, at different /),.Ts. The curves were derived by solving
equation (1.10). Since the resultant Qc is for one couple, we must multiply by the number of
couples (N). In practical applications, the curves allow customers to determine whether a
specific module under consideration has sufficient heat removal capacity to meet application
requirements. It is interesting to note that there is a maximum cooling power beyond which
additional input current will not create higher heat pumping rates. For example, at a /),.T=70, the
maximum cooling rate appears at 6.5 amps. No additional heat pumping gains are obtained at
- 16 -
currents above that maximum. For lower ATs that maximum occurs at larger currents. Figure 7
shows the voltage necessary to produce the current needed at several temperature differentials. It
can be used by the customer to determine power supply requirements. Voltage was determined
using [24]
V= 2N [IR + (S, - Sn)(TH )]  (2.1).
Figure 8 shows power consumed by the thermoelectric module at each AT. It was determined
using equation (1.11) multiplied by the number of elements (N). It can be seen that power
consumed increases exponentially with input current. Finally, figure 9 shows the efficiency of
the hypothetical TE module as a function of current. It was determined using equation (1.12). In
all cases, efficiency seems to increase with increased input current, but after reaching a
maximum at a certain current it then begins to decrease. For the given input currents,
efficiencies reach a maximum within a range of 0.4 to 2 Amps, depending on the AT, and
decrease therafter. In this case, for figures 6-9, ZTavg fell within a range of 0.8 5 ZTavg 5 0.9.
Table A2 in appendix A shows the data used to generate these curves.
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Figure 6: Heat pumping rate versus input current at several temperature differences.
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Figure 9: Coefficient of Performance versus input current at several temperature differences.
The optimal cooling coefficient of performance given by equation (1.13) behaves in an inverse
manner to the power generation mode, as seen in figure 10.
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Figure 10: Cooling mode theoretical coefficient of performance versus temperature differences
at several ZTs.
Given that the general defmition of COP=QIW- heat pumped per work applied- can also be
applied to typical cooling apparatuses that do not rely on TE materials, one can easily compare
the efficiencies of TE devices with those of existent cooling units. For instance, COP for a
regular, compressor-type refrigerator is: 0.9 :s COP :s 9, depending on L\T. On average the
COP=3.8. Based on an approximation using figure 3, ZT ~ 4 for any useful L\T. Such values of
ZT have not yet been achieved.
From the examples of cooling and power generation provided above, it is readily seen that TE
coolers have a maximum COP at small L\T' s, whereas, generators have a maximum efficiency at
large L\T's. It is also apparent that, in either case, a device's performance increases with
increasing ZT. This observation has led researchers over time to exert great efforts into
~
designing materials that have the highest ZT possible. Unfortunately, for a period of over 40
- 20-
years, the highest had been ZT :::::1.0. Only recently have there been several advancements
leading to higher ZT values.
2.3. ZT: Figure of Merit
An interesting property of ZT is the interdependency among its variables. The material figure of
merit is given by
(2.2),
where S is the Seebeck coefficient, a is the electrical conductivity, lee is the electron contribution
to thermal conductivity, kp is the thermal conductivity due to phonon propagation across a crystal
lattice, and T is the operational temperature [3]. It is clear from the relation that in order to
increase ZT, S and a should be increased and k should be decreased. However, as conductivity
Figure 11: ZT variables
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increases, the electronic contribution to thermal conductivity also increases. From an atomic
scale, a higher conductivity translates to a higher density of electrons in the conduction band and
as an increased number of electrons flows through the material, so does the capacity to carry
heat. An additional constraint is that by increasing a, the Seebeck coefficient decreases.
Eventually, a plateau is reached above which ZT can no longer be increased. Historically, that
plateau has been at ZT = 1. Figure 11 shows these relationships graphically. Clearly, metals
make poor thermoelectric materials as mentioned before. Additionally, thermal conductivity in
metals is dominated by electron thermal conductivity that is approximately 2.44x10-8 aT (W/K),
according the the Wiedemann-Franz law. The optimal material would be one that would have a
high electrical conductivity, yet extremely low thermal conductivity. Such material has been
described as a "Phonon-Glass Electron-Crystal", or PGEC. This material is obviously non-
existent. Unlike metals, semi-conductors have contributions to thermal conductivity from both
electrons and phonons. While Dresselhaus and Hick's idea, published in 1993, is primarily
concerned with improvement of electron conduction, the fact that k, >> k, also enhanced ZT in
that kp could be minimized through phonon scattering across an engineered two-dimensional,
quantum well, material structure using semi-conductors. While phonon propagation would be
inhibited, electron flow, thus the electronic power factor (S2 a), would be improved due to
manipulation of electronic density of states. To briefly explain this, let us break down the
components of ZT in equation (2.2) above. Conductivity has the following relation [2]:
r = e2  g(EF) (2.3),F (2.3),
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where e is the electron charge, VF is the Fermi velocity of electrons, T is the relaxation time of
electrons, and g(EF) is the density of states. For bulk material (3D), the density of states can be
described by the following relation, assuming parabolic energy bands [2]:
k2 dk 2mE (2mE R-  ( ~d = 1 (2mg(E)3 dE= • = -YdE=-Ejt, dE (2.4),S =A 2Z2 V) (2.4),
where E is the energy of the electron, m is the effective mass of the electron, and h is Planck's
constant. Therefore, one way conductivity can be increased is by increasing the density of states.
As will be explained in the next section, the density of states can be increased by confining
electrons in lower dimensional structures such as a quantum well, nanowire, or quantum dot.
The Seebeck coefficient is related to conductivity in the following relation:
-1 Jo(E)(E - E)dJE
S- o
eT )fcr(E)dE
0 (2.5),
where the variables are defined as before and EF is the Fermi energy. Thus, essentially the
Seebeck coefficient is a measure of the average energy of an electron above the Fermi level
under an open circuit condition weighted against the differential electrical conductivity at each
energy level. It can also simply be described, in general, as the average heat current carried per
electron [2,3]. It is, thus, clear that a high Seebeck coefficient is desired for maximum
conversion of heat to electrical power or electrical power to cooling. In terms of the general
definition of S, it follows that by simply increasing the amount of electrons available for
- 23 -
conduction, the average heat carried per electron is smaller, so S decreases. In addition, the
electronic contribution to thermal conductivity increases as described by:
1 2k"e CevF TE (2.6),3 e
where the VF and TE are as before. Ce is the volumetric specific heat of electrons given by:
1 2 T
Ce 2  ne kB T (2.7),
where ne is the number of electrons per unit volume, kb is the Boltzmann constant and Tf is called
the Fermi temperature [2]. It is worthy to mention that equation (2.7) is derived for the case
where E•dlbT is very large. That is, when electron energy is much greater than thermal energy,
which is typically the desired operating condition for commercial TE applications. Therefore,
since increasing the number of electrons per unit volume, ne, increases the specific heat, Ce, it
follows that the electronic contribution to thermal conductivity, ke, increases. However, as was
mentioned before, kp>>ke. As a side note, in Bi2Te3, electronic thermal conductivity is about
0.3 W/mK, and phonon thermal conductivity about 1.5 W/mK, not very much larger. However,
Si satisfies well the statement that, kp>>ke. An opportunity, thus, exists to decrease a material's
thermal conductivity by decreasing phonon contribution to thermal conductivity. That could be
done by mitigating phonon propagation across a material's crystal lattice. The following
sections explain some of the advances in engineered lower dimensional structures that attempt to
do just that. We begin with a look into bulk thermoelectric material.
-24 -
2.4. Developments in Low Dimensional Thermoelectric Materials
Prior to exploring advances making use of low dimensional structures for improvement of ZT,
which will be presented in sections 2.4.2 to 2.4.5, it is worthy to understand the material
structure of Bismuth Telluride (Bi2Te3). Closer inspection of what makes this bulk material have
such a high ZT will perhaps yield some clues into properties important to the making of a good
thermoelectric. This knowledge will further guide development of improved TE materials.
2.4.1. Three-Dimensional Bulk
To date the best bulk TE material is Bi2Te3 with a ZT = 1. Although its usefulness was
discovered through trial-and-error in the early 1970s, its high ZT can be explained by a
mechanism in which phonon propagation is mitigated. Starting with the thermal conductivity of
phonons modeled with the Boltzmann equation under the relaxation time approximation, it is
found that [5]
k = C(o, T) v(W) A() d (2.8),3 = $ (2.8),
where C(o, T) is the specific heat due to phonon contribution as a function of frequency (co) and
temperature (T), v is the phonon group velocity, and A is the mean free path of phonons at co,
which is dependent on the relaxation time multiplied by the group velocity. To reduce thermal
conductivity, materials with small phonon group velocity and short relaxation times are desired.
If we take the approximation that v is proportional to'fK/M , where K is the lattice bond
-25 -
energy and' M is the mass of the atom, we find that materials with high atomic mass would be
good candidates for bulk thermoelectrics. Assuming the same relation applies to reduced masses
in molecules, this would be the case with BhTe3 (800.8amu). However, BhTe3 has other
interesting properties that give it a high ZT, such as multiple carrier pockets, high mobility and
low thermal conductivity. To further reduce phonon relaxation time, Bh Te3 is often alloyed with
other materials such as Sb or Se in the form of Bio.sSb1.5Te3, for a p-type material, or
Bi- Te2.7Se0.3, for an n-type material. In contrast, SiGe does not have high atomic weight
(100.68amu), but it does have multiple carrier pockets that give it a high density of states and
alloying lowers its thermal conductivity compared to that of bulk Si and Ge.
Figure 12: Perspective
view of the Bi2Te3unit
cell. Small dark spheres
represent Bi; large clear
spheres represent Te.
Sb2Te3 and Bi2Se3have
the same structure.
Figure 13: Top view (looking down
the crystal's c-axis) of the bismuth
telluride unit cell.
In lieu of a high atomic mass, low bond energy might be a different venue to produce the small
phonon group velocity. Atoms with weak bonds introduce a "damping" effect that serves to
inhibit phonons propagation through, perhaps, anharmonic lattice oscillations. In fact, for Bh Te3
it has been determined that bonding between Bi- Te layers is predominantly homopolar in nature,
that is, a covalent bond whose total dipole moment is zero. Meanwhile, the Te-Te bond is of a
van der Waals type. It has also been determined that the crystal structure is hexagonal-
rhombohedral with the following lattice constants: a=4.38A and c=30.4SA, see figures 12 and
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13 [6]. In a 1958 study conducted at GE where Bi2Te3 was subjected to temperatures ranging
from -195 0 C to 4000C, it was found that there was significant anisotropy in thermal expansion
between the c-axis, or [001] orientation, and the a-axis, or [100] orientation. The axial expansion
coefficient of the c-axis at 22.2 x10 6/OC was twice that for the a-axis at 12.9x10-6 /OC.
Additionally, drastic changes in the principal axial expansions occurred at temperatures above
2000C [22]. Figure 14 shows the coefficients of expansion calculated at different temperatures
along the two principal axes: a, c. The following expressions to calculate axial expansion rates
were used:
a-axis: a rloo0 = (daldt) T/a (2.9),
c-axis: a R001] = (dc/ldt)TI/cT (2.10).
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Figure 14: Temperature variation of axial expansion in Bi2Te3 [22].
It can be seen that while the expansion rate in the a-direction increases above 2000C, that in the
c-direction first reaches a maximum and then decreases. The crystal structure of bismuth
telluride has most recently been verified by Lu et al [25]. It is interesting to note that Bi2Te3 also
reaches its maximum of ZT=l at around 2000C. Therefore, in this study of Bi2Te3 not only does
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there seem to be a correlation between ZT properties and bond energy, which affects phonon
group velocity and thus thermal conductivity, but also another interesting property is revealed.
Looking at figure 14, one can see how an internal strain might be developed within the material
as the temperature is increased. Taking OOC as a base point, as temperature is increased, the axial
expansion rate along the a-axis decreases slowly while the expansion rate along the c-axis
increases drastically. The reverse occurs at temperatures higher than 2000 C. This difference in
expansion rates as temperature is increased might lead to an internal strain that may further lead
to increased carrier mobility, as in the case of strained silicon. In addition, the expansion along
the c-axis, which is primarily comprised of van der Waal bonds, may serve to mitigate phonon
propagation. A higher ZT is not obtained past 2000C, regardless of the theorized opposite strain,
because expansion along the a-axis is not only dimensionally smaller, a = 4.38A, but also
composed primarily of covalent bonds, which are not conducive to higher carrier mobility.
Additionally, at higher temperatures thermal conductivity due to phonon propagation is no
longer mitigated to the same extent by van der Waals type bonds.
The above findings, therefore, seems to point to the possibility of improving ZT of a material by
increasing its density of states to produce more electrons available for conduction, which also
leads to improved conductivity, and by introducing some type of internal material structure that
would scatter phonons across its crystal lattice, which leads to reduced thermal conductivity.
Chen et al. give three reasons as to how lower dimensional structures might help: (1) Interfaces
and boundaries of nanostructures impose constraints on electron and phonon waves, (2)
symmetry of electron conductivity can be controlled using quantum size effects, and (3) Phonon
thermal conductivity can be reduced through interface scattering [1].
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2.4.2. Two-Dimensional Quantum Well
In 1993, Dresselhaus and Hicks introduced the concept of utilizing an engineered two-
dimensional quantum-well material to increase its density of states and produce anisotropic
a
Figure 15: Quantum Well Schematic
electron flow while scattering phonons across the heterostructured interfaces [4]. In essence,
Dresselhaus et al, compared ZT of 3D bulk Bi2Te3 to a hypothetical 2D multi-layered super-
lattice with parameters borrowed from bulk Bi2Te 3, see figure 15. Quantum mechanical
calculations of ZT assumed an anisotropic one-band material of constant relaxation time with
parabolic energy bands represented by equations 3-6 in figure 16a [4], where mx, my, mz are the
effective mass components, gt is the mobility, r is the relaxation time, h is Planck's constant, kb is
the Boltzman constant, T is temperature, C is the chemical potential, e is the electronic charge,
and F is the Fermi-Dirac probability distribution function. It was found that for 3D bulk
materials, Z3DT could be maximized by choosing the current to flow along the direction of
highest mobility and its maximum value was calculated at 0.52. In contrast, for material
characterized by a 2D quantum well, with the same assumptions as before, it was found that
there were more degrees of freedom available to optimize Z2DT, for example, the layer thickness
could be changed. As before, choosing current flow in the direction of higher mobility led to
higher Z2DT. But, in addition, Z2DT can be increased by choosing the crystallographic plane in
which to make the layers. Z2DT can be yet further increased by decreasing layer thicknesses (a)
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in figure 7 and given by equations 11-14 in figure 16a [4]. Again, using parameters for Bi2Te3,
the optimum Z2DT of 1.5, for layers thinner than 40A and along the ao-bo plane (x-y), was found
to occur at a=10.2 A. This value is 3 times higher than the bulk value of 0.52 above. For layers
parallel to the ao-co plane (x-z) thinner than 85A, the optimum, calculated at a=3.8A, was found
to be Z2DT=6.9 (figure 16b). A value 14 times higher than bulk ZT. This would be the desired
crystallographic plane, but it is difficult to manufacture. Nonetheless, in 1999
Venkatasubramanian et al successfully fabricated a 2D structure consisting of a 10A/50A
Bi2Te3/Sb 2Te 3 TE superlattice to study its thermoelectric properties [7]. In 2001, they
determined that for the p-type superlattice, ZT=2.4 and ZT=1.4 for the n-type material [8].
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Figure 16a: Electronic dispersion and ZT relations in quantum mechanical form.
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Figure 16b: ZT as a function of quantum well thickness
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Venkatasubramanian eventually founded Nextreme Thermal, a company whose products are
based on superlattice structures, to produce micro-cooling devices for spot cooling electronic
components. Around the same time, in 2001, and in opposite coasts of the US, Shakouri
developed a thin film TE cooler based on a SiGe/Si hetero-structure. Cooling of 4.2K at 25°C
and 12K at 200°C was measured on 3 J.Ul1 thick, 60 x 60 J.Ul12 devices [1]. Figure 17 shows a
TEM image of the device and figure 18 shows the Peltier cooling curve as a function of applied
current. One other interesting property of quantum well devices comes from hetero-structured
Si/Ge superlattices. In addition to the methods mentioned above, the lattice strain in Si/Ge
interfaces provides another degree of freedom to control the conduction band structure of the
superlattice. Dresselhaus et al. found a ZT=0.96 at 300K for a symmetrized Si (20A)/Ge (20A)
~
SiC3e/Si
4
g :I
~
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Figure 18: Cooling vs applied current
for quantum well micro-cooler.Figure 17: TEM of quantum well
device.
superlattice grown on a (111) oriented Sio.sGeo.5substrate [26]. Per a conversation with John
Fairbank, of DOE, and Gang Chen, at MIT, accurate measurements of thermal conductivities and
conductance in thin films are still an impediment to precise determination of ZT values. The
same is true for nanowires and quantum dots.
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2.4.3. One-Dimensional Nanowires
In the previous section it was seen that ZT can be improved through exploitation of low-
Figure 19: Density of states of electrons
dimensional effects in a quantum well. Figure 19 compares the density of states of 3D, 2D, ID
and OD structures. From the figure, it is clear that the resulting DOS increases with decreasing
dimensionality. This occurs because electrons are increasingly in quantum confinement. In a
follow-up paper, Dresselhaus et al. conducted similar calculations for nanowires as for quantum
wells. Here they assumed a nanowire (NW) with a square cross section (a). Therefore, the
electronic dispersion relation is given by equation [26]:
2m1 2 (211)
Compare this to equation 11 in the previous section and note how there is now the possibility to
control the electronic relation by changing (a). Similar to the last study, only the first energy
level is being considered. Applying the dispersion relation to the relation for conductivity, we
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get: (2.12).
And further applying to the relation for the Seebeck coefficient, we get:
e F.- 1/ 2 (2.13),
and the electronic contribution to thermal conductivity is
2- 7 T 1 / 2 f-T1 /l- (- 
_25P2saf 2 1/2 v 1 2 T~F,
(2.14).
Without getting lost in the math, of most importance is how the value of each of these equations
10.0
5.0
nn
0 20 40 60 80 100
a (A)
Figure 20: ZT as a function of nanowire diameter.
can be manipulated by adjusting the thickness of the wire (a). Here the variables are as
previously defined with the addition of Ti, which is the reduced chemical potential. As before,
parameters for bulk bismuth telluride were applied the derived equations and ZIDT versus (a)
was plotted. Calculations started with a value of a=5.0A, since the lattice parameter of Bi2Te3 is
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4.4A, and increased to 100A. Figure 20, shows results from the calculations. For any given
value of a, the x-direction always produces the highest ZT relative the y and z directions.
According to the paper, this is because the highest mobility is along the x-direction.
Additionally, values of ZT increase with decreasing ZT. That can also be seen from the
equations, as (a) always appears in the denominator. It is interesting to compare the ZT values
obtained for calculations of nanowires (Z1DT) with that obtained for quantum wells (Z2DT) and
bulk material (Z3DT). For bulk material Z3DT=0.5, whereas for a quantum well with width= 10A,
Z2DT=2.5 and for a width=5A, Z2DT=5. In comparison, for a NW of width=10A, ZIDT=6 and for
a width=5A, ZIDT=14. Therefore, the maximum ZT for a 1D NW is theoretically greater than
the ZT for both the 2D quantum well and bulk material [26]. Again, the improvement is due to
the increase in density of states and a reduced lattice thermal conductivity due to increased
phonon surface scattering. Following on this idea, further suggestions have been made where
nanocomposites composed of nanowires are embedded in a host semiconductor material. Chen
and Yang studied two different types of heat transport mechanisms across Si nanowires
embedded in Ge material. The first calculated theoretical thermal conductivity when heat flow is
in a direction perpendicular to the wire axis. From the simulation, it was found that the thermal
conductivity is a strong function of the diameter of the embedded NW and the material
composition SilxGex. For instance, at a constant composition, Si0.2Geo.s, the smaller the wire
diameter, the smaller the thermal conductivity. Conversely, for a fixed wire diameter, the lower
the atomic percentage of Ge, the lower is the thermal conductivity of nanowire composites [27].
In the second simulation, heat flow was considered along the axial direction. Similar to previous
findings, the smaller the wire diameter, the smaller is the thermal conductivity for a given
composition. And, the lower the atomic percentage of Ge, the lower is the thermal conductivity
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[29]. However, thermal conductivities for heat flow perpendicular to the wire axis are lower
than that along the axis of the wire. Figures 21 and 22 show these differences, albeit, both are
lower than bulk value as shown in figure 21. Note the different thermal conductivity scales.
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Fig 21: Heat flow along NW axis [29]. Fig. 22: Heat flow perpendicular to NW axis [27].
While the potential for improving ZT using ID and OD structures is tempting, current state of
manufacturing technology inhibits cost-effective commercial scale production. Section 5 will
touch on some rough cost estimates of 1D/0OD structures. In addition, wide-spread adoption of
1D/0OD structures has been limited because ZTs obtained to date have not been high enough to
warrant payment of a cost premium- ZT progression will be covered in the next section.
Consequently, at the time of this paper, there were no known commercial devices made of either
nanowires or quantum dots. Experimental materials have been developed, however. For
instance, nanowires have been formed with anodized alumina templates composed of channels
ranging from 7-100nm in diameter and 50 lpm in length. The templates are then filled with
desired thermoelectric materials by: pressure injection, electro-deposition, or chemical vapor
deposition. Not limited to templates, nanowires can also be fabricated through Vapor-Liquid-
Solid growth using a seed catalyst. In fact, this method leads to the possibility of fabricating
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heterostructured nanowires by alternating precursor gas reactants at desired growth times. While
experimental nanowire ZT values are scant in the literature, theoretical ZT values for quantum
dot superlattice nanowires (SLNW), such as those in figure 23, have been calculated. It was
found that ZT, as a function of segment length (sl), was higher for the n-type PbSeIPbS SLNW
of diameter (d) = 5nm than at d = 10nm [10]. Specifically, for d=10nm, 0.5 (at sl=5nm):::; ZT:::;
1.7 (at sl=2nm). For d=5nm, an optimal ZT=4.4 occurred at sl=3nm along the [001]
Figure 23: Si/SiGe heterostructured nanowire.
crystallographic orientation. Similar calculations for a p-type SLNW yielded an optimal
ZT=6.15 at sl=2nm along the [001] orientation. Results for d=5nm with a PbSelPbTe
heterostructure were more striking. The n-type material yielded an optimal theoretical ZT=8.07
at sl=2nm along the [111] crystallographic orientation, while the optimal ZT=7.45 occurred at
sl=2nm for the p-type, also along the [111] orientation. One reason experimental ZT values for
nanowires cannot be readily found in the literature, is due to the difficulty of their measurement.
Dresselhaus et al, devised a method to measure Bh-xSbx nanowire arrays whereby two
thermocouple junctions are placed on both ends of the nanowire arrays and are electrically
connected to the nanowires. The thermocouple and the nanowire array are attached to a heat
sink and a resistor, which acts as a heater, is placed on top of the nanowire array [28]. In this
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way, they were able to obtain measurements for Seebeck coefficients at different temperatures
and several nanowire diameters.
2.4.4. Zero-Dimensional Quantum Dots
Unlike nanowires, experimental results for OD quantum dot superlattices (QDS) are well
documented, but not much theoretical work is found regarding improved thermoelectric
properties. Chen, Khitun, and Wang theoretically investigated electron and phonon transport in a
quantum dot superlattice. Their work entailed the consideration of an array of cubic quantum
dots of size (a) periodically distributed along a plane wetted with the same material as the dots.
In this case, the model assumed all quantum dots to be arranged in order. Additionally, as the
lattice thermal conductivity is much greater than the electronic contribution to thermal
conductivity, the author's work primarily centered around modeling phonon scatter effects on
ZT. Using a relaxation time approximation, the phonon thermal conductivity is described by:
(2.15),
where kp is the phonon wavevector, (i) is related to the particular phonon polarization branch
(acoustic or optical), vgi is the phonon group velocity, Tr is the phonon combined relaxation time,
Si(kp)dkp is the phonon contribution to the specific heat, due to the specific polarization modes,
and has the phonon wavevector interval kpdkp [30]. In crystalline SiGe, the dominant scattering
processes are the anharmonic interactions of three umklapp processes, and boundary and point
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defect scattering. Point defect scatter is due to mass differences resulting from impurities. These
enter the equation above through the relation:
1 1 1 1 1
- +-+--4-
rrV UtM ~ b (2.16),
where 1/Tu, 1/TB, 1/rM, and 1/TD is relaxation time due to umklapp, boundary, point defect, and
quantum dot scattering, respectively. To obtain a theoretical ZT, the electric transport
coefficients S and a also had to be calculated. The Schrodinger equation for a quantum dot, thus,
had to be solved. In this case, the electronic dispersion relation is of the form:
sr(k xy1 ) (2.17),
xyZ) 2 L[ 2 2
mxa mya mza
assuming the first energy level in each direction and the variables were previously defined.
Expressions for conductivity and Seebeck coefficients were then obtained. It was found that
phonon and electron improvements over quantum wells depends on quantum dot size, position
relative to other QDs, and volume fraction of QDs. Figure 24, shows that conductivity decreases
and Seebeck coefficient increases as volume fraction of quantum dot increases. It is theorized
that the increase in S is due to an increase in the electronic driving force (chemical potential)
caused by additional space confinement of a quantum dot structure. That same confinement
restricts possible electron wave vectors in the x-direction significantly, reducing electrical
conductivity. The power factor only changes slightly, while the lattice thermal conductivity
decreases sharply. Thus, ZT is enhanced. In fact, ZT is also a function of quantum dot size. As
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dot size decreases, ZT of a quantum dot structure relative to bulk ZT increases. Figure 25 shows
theoretical ZT values of the Si/Ge QDS as a function of Ge dot size relative to bulk ZT value of
Si. The dashed line corresponds to a theoretical limit whereby each quantum dot is composed of
one Ge atom and all atoms are ordered. Theoretical behavior of thermal conductivity as a
function of dot size and volume fraction for a SiGe quantum dot structure is shown more clearly
in the author's follow up work, see figure 26 [31]. In figure 26, the mass-difference limit (E) is
that of 1/kM, so that the radius is of the order of an atom.
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Figure 24: ZT variables for
quantum dots relative to quantum
wells as a function of quantum
dot volume fraction.
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Figure 25: ZT values of quantum
dots relative to bulk as a function of
quantum dot volume fraction.
-39-
/ ORDERDEDATOM UMITr
/
I Is
S-a=2.Onm
a=B.Omn
I ~A--10,0 nm
I
I-
V
-J
0.00 0.02 0,04 O. 0.08 0,.10 .12 O 0.4 mu
Tempermame P
GC DOT VOLUME FRAQTION
Figure 26: Thermal conductivity
as a function of Ge quantum dot
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In actual experimental work, Liu created Ge QDS in Si (100) substrates using molecular beam
epitaxy [32]. Thermal conductivity was measured at temperatures ranging from 80K-300K in a
vacuum cryostat using a differential 3o method [33]. Figure 27 shows thermal conductivity
versus temperature for a sample of Ge quantum dot superlattice (sample C). In each case, there
is a maximum (k) which decreases with increasing temperature. The overall thermal
conductivity curve is shifted for the QDS, however. And values are much lower compared to
bulk Si and Ge.
The most cited experimental work comes from Harman et al. at MIT's Lincoln Lab. In their
2002 work, PbSe particles were grown on a PbTe matrix via molecular beam epitaxy to obtain a
quantum dot superlattice [11]. The nanostructured PbSeTe/PbTe material served as the n-type
leg, while a metal wire was used as the p-type leg. They obtained a maximum ZT=1.6 at room
temperature. In later work, a ZT=3 was obtained at T=550K [12]. In fact, the authors patented
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their fabrication procedure. Current methods for producing these quantum dot structures have
primarily been limited to molecular beam epitaxy, which is a costly process.
2.4.5. Bulk Nanocomposites
One last item to mention in this section is the recent interest in bulk nanocomposite materials. In
general terms, bulk nanocomposites (BNC) are composed of compressed nanopartic1es of
suitable thermoelectric materials such as Si or Ge, in the nanometer or micron range. The
nanopartic1es are either hot pressed using plasma pressure compaction or hot pressed in Argon at
1333K [14]. These processes yield dense and mechanically strong BNCs. Those familiar with
commercial fabrication techniques can quickly understand how BNCs can be scaled up directly
for commercial applications, as well as be assembled into a variety of desired shapes and sizes
for various device configurations and applications. In this case, the figure of merit is improved
through the introduction of many interfaces that are chosen to (1) reduce thermal conductivity by
a larger amount than the electrical conductivity, and (2) to increase the Seebeck coefficient more
Figure 28: TEM of a bulk nanocomposite.
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Figure 29: Monte"Carlo simulation
of thermal conductivity in BNCs.
than decreasing the electrical conductivity, thus increasing the power factor (S20). Both (1) and
(2) together, result in an increased ZT. Figure 28 shows TEM pictures of a cross-section of BNC
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material created at RTI International [15]. Figure 29, shows the results of Monte Carlo
simulations made for several different mean particle sizes, size distributions, and degrees of
randomness. The universal curve shows that thermal conductivity depends on the interface
density. The thermal conductivity of the SiGe nanocomposite is, therefore, lower than that of the
bulk alloy [14].
2.5. Historical Progression of ZT
In order to understand the progression of ZT, not only does one need to look at advances in ZT
over time, but also, due to ZT's temperature dependence, one must look at advances as a
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Figure 30: Yearly ZT Progression.
function of temperature. Figure 30 shows a historical progression [16]. For approximately 30
years, ZT remained below one. Most of the applications were supported by the US government
through space or military applications. In the early 1970s, Bi2Te 3 provided breakthrough
performance with a ZT=I. In addition to the ensuing flurry of research activity, several
commercial applications were introduced during that time such as small beverage coolers, cold
plates, and thermoelectric temperature controllers. However, most applications remained in
niche markets. ZT stayed at the same level for over 20 years until the most recent advancements
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using lower dimensional structures and skutterudites. There is now again much activity in the
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Figure 31: ZT advancement [18].
race to find material or structures with the highest ZT. In terms of ZT material currently
available, figure 31 shows ZTs at their respective temperature of operation. Studying just the
time chart can be misleading as, for example, the ZT=3.5 of PbSeTe/PbTe quantum dots can, at
present, only be obtained at 550K. As will be seen in section 3, that ZT is inadequate for vehicle
waste heat recovery applications since the operational temperature is in the range of 600-1000K.
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Chapter 3: Market Analysis
3.1 Competitive Landscape
As of the time of this writing, there are approximately 27 companies with website advertisements
that have businesses in the production and sales of thermoelectric materials. Included in the
count are international companies from the following countries: Sweden, Russia, Japan, China,
Taiwan, Germany, and France. Out of those 27 companies, 24 of them have products that
primarily exploit Peltier cooling or heating for both small and large applications. Global
Thermoelectric (GT), a privately owned company which was founded in 1975 and whose
technology was developed in the 1960s for NASAs space program, is the only company that
solely focuses on large scale power generation equipment for remote applications. For the most
part, its technology makes use of lead tin telluride (PbSnTe) as the thermoelectric material and
burners that can operate with propane, natural gas, or diesel to establish a temperature
differential relative to ambient temperature. GT's individual thermoelectric generators are
capable of producing power in the range of 15-550Watts. And, its applications cover system
requirements up to 6000 Watts. For larger requirements, it is able to create custom solutions for
its customers. More recently, Ferrotec acquired the Telan line of power generation modules and
systems from Teledyne in 2003, which also operate with either propane or natural gas as a fuel
source. PGI International also competes in the power generation market, albeit, to a lesser
extent. Its main products are 12 and 24 Volt power sources making use of natural gas burners to
create the "hot side" while the "cold side" is cooled via an arrangement of aluminum finned heat
exchangers that operate at ambient temperature. The 12 volt product operates in a range of 1.7-
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2.0 Watts of output power, while the 24V product operates at 6.3-7.3 Watts. Although not the
number one company in the market at the moment, it seems that Ferrotec could be the strongest
player in power generation applications looking forward in time. This is due to the strength of its
business, depth of engineering knowledge, and experience with acquisitions. One advantage it
has over Global Thermoelectric is that Ferrotec is an innovator. Whereas GT's technology has
remained stagnant since company inception, Ferrotec has entered new markets and seems to be
placing emphasis on thermoelectric development with R&D investments and a dedicated
engineering staff. More recently, however, GT has entered the market for Solid-Oxide Fuel
Cells. It remains to be seen how that business will grow at GT. As will be mentioned in section
5.3 vehicular waste heat recovery is a potential new market that will no doubt develop quietly,
but quickly ramp-up as the cost of gasoline continues to climb. New companies seeking to break
into this market would be wise to look at Ferrotec as a strong competitor. Hi-Z is a company that
is currently working with Caterpillar to develop thermoelectric devices for the design of a
thermoelectric generator specifically for waste heat recovery (WHR) applications. However, it
remains to be seen how strong of a competitor Hi-Z will be when WHR technology comes to
fruition. Outside the realm of thermoelectrics is Modine Manufacturing, whose primary business
is radiators, but more generally thermal management solutions. While not yet in the
thermoelectric market, Modine's solid business successes, acquisition experiences, and large
automotive and off-road vehicle customer base, make it likely that it would enter the TE industry
and be a strong competitor once the waste heat recovery technology is proven. Its recent foray
into thermal management for fuel cell vehicles highlights Modine's willingness to enter new and
developing markets. Another potential entrant is Amerigon, which is currently primarily
deriving its revenue from sales of climate controlled seats for luxury vehicles. However, BSST,
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the research and development subsidiary Amerigon, has researchers with extensive experience in
application of thermoelectrics to commercial applications, especially in the automotive industry.
Additionally, they have steadily improved heat exchanger efficiencies to both maximize heat
delivery to TE devices and heat extraction from TE systems. In fact, as will be mentioned in
section 55.3, they are participating in a project to implement thermoelectric generators for WHR
applications. It is not readily apparent that Global Thermoelectric currently has the ability to
position itself to be a player in a potential WHR market. Its large selection of niche products for
remote power generation applications have served the company well since inception making the
company retain a comfortable market share in that industry. It would take GT a lot of work to
break into a different customer base as well as acquire knowledge of the automobile industry.
Therefore, it may not be a player in a developing WHR market. However, new entrants into the
potential WHR market should consider Ferrotec, Modine, and Amerigon as the strongest
competitors.
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In order to better understand the competitive landscape, figure 32A graphically presents how
each of the 27 companies' businesses are positioned relative to thermoelectric applications. As
there are only two effects that can be exploited- Peltier and Seebeck- a comparison lent itself
Competitive Landscape
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Modine
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Product Size Scale
Figure 32A: Competitive landscape for thermoelectric- based businesses.
nicely to a two-by-two matrix, with size of product as the x-axis.
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In a similar fashion, we can categorize the types of product currently available in the market.
Figure 32B, shows some representative products.
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Figure 32B: Market landscape for thermoelectric- based businesses
3.2 Market Landscape
As mentioned in the previous section, most of the companies have product lines in the cooling or
heating application space taking advantage of the Peltier effect. In the small products category,
TE modules are typically confined to low power input, mostly under 50W. Such products find
use in cooling electronics. On average, these devices can cool down to a range of 3QSL\T=565°C
relative to ambient temperature with a cooling power density in the range of 2-10 W/cm2•
Higher temperature differences can be obtained with cascaded modules, which are basically two
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or more thermoelectric modules, layered one on top of the other, arranged in a multi-tiered
design. Tellurex claims its cascaded modules can achieve a AT=131 0C. Micropelt, a company
out of Germany, currently makes TE laser diode coolers using bulk Bi2Te3. However, as of 2002
it was researching thin film deposition of Bi2Te3 in a micro-electrical mechanical system
(MEMS) type of production environment. Additionally, Nanocoolers, a new start-up out of
Texas, is also claiming to be producing cooling modules using thin-film deposition technology
similar to chip manufacturing. Its devices are specifically targeted for micro-electronic cooling
applications. Another start-up claiming to be doing the same thing is Nextreme Thermal,
previously mentioned as founded by Dr. Venkatasubramanian. In a distinct, yet similar,
application, Thermotek, out of Texas, has worked with the medical field to design heating and
cooling compression wrappings for patient's knees, shoulders, arms, elbows, and wrists.
Although specifics of the designs are not mentioned on the website, it is likely that Peltier
modules are used alongside some type of thermal dissipation material.
Out of the 24 companies that sell Peltier cooling/heating modules, seven sell larger TE cooling
equipment such as HVAC systems, hot/cold plates, and liquid chillers. Conair and Coleman also
sell small sized beverage chillers. However, they are in the retail distribution end of the supply
chain and do not appear to manufacture the products directly. It is not clear who might be their
supplier. Coolworks, interestingly, stayed close to the home/office customer by carving out a
niche market in water coolers for homes and offices. EIC Solutions exclusively sells TE air
conditioners for electronic cooling applications. Its competitors in the TE air conditioning
market are: Electracool, WAtronix, Kryotherm, TECA, and Melcor. In all cases, the air
conditioning systems are for use in electronic and computer enclosures. Out the companies
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mentioned above, TECA has the most air conditioning options available. It has six lines of
products for a total of 22 different models of air conditioning units, all with an operating
temperature range of -100C < T< 700C. Overall, the AC units cover a cooling capacity of at
minimum of 100BTU/hr, rated at 29 Watts, to a maximum of 2200 Btu/hr, rated at 325 Watts.
TECA also has a unit with cooling capacity of 1700 Btu/hr rated at 500 Watts. Depending on the
AC model, power can be supplied with 12, 24, 30, 48, and 120 VDC or 120, 220, 240 VAC. The
closest competitor is Melcor with 10 models with a minimum cooling capacity of 50 Btu/hr rated
at 15 Watts to a maximum of 1200 Btu/hr rated at 352 Watts. Their operating temperature range
is 150 C 5 T < 700C. Most of its products operate with either 12 or 24 VDC. However, its
products rated at 550 and 1200 Btu/hr operate with 115 VAC. From its website, it appears that
EIC Solutions offers only six models with a minimum of 200 Btu/hr rated at 110 Watts, although
this maximum power capacity seems to be out of line with the rest of the industry. Its highest
cooling capacity is offered with an AC unit rated at 2500 Btu/hr. However, no power rating is
given. The previous highest capacity is at 1500 Btu/hr rated at 430 Watts. Their operating
temperature range is -320C < T< 600C. EIC Solution's products can operate, however, with
either 12, 24, and 28 VDC or 120, 240 VAC. So in terms of power sources, EIC Solutions has a
good model mix. Watronix, Kryotherm, and Electracool seem to fall in the "also-ran" category
as they each only offer 4, 5, and one models, respectively. Additionally, their products only
operate with 12 and 24 VDC input. It is not obvious what type of thermoelectric material any of
the AC products use. The five companies listed above, with the addition of Ferrotec, also
compete with each other in hot/cold plate, industrial liquid chillers, and temperature controller
applications. A distinct Peltier effect application comes from Amerigon in the form of
heating/cooling of seats in luxury vehicles. An optimized heat exchanger design coupled with
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air flow convection through a fan system distributes TE heating from bulk Bi2Te 3 material using
two TE systems per seat. Each system is capable of delivering 10-20W per module in cooling
applications. When the current is reversed, the system can deliver up to 120W of heating.
In the small power generation market, only five players appear. Hi-Z exclusively sells TE
modules for power generation. Current modules have a power output in the range of 2.5-19
Watts. The modules currently use bulk material comprised of Si/Sio.8Ge0.2 and B4C/B9C coatings
on Si substrates. However, PNNL is developing a process to be transferred to Hi-Z that will
deposit thin films using direct current radio frequency magnetron sputtering. Nextreme Thermal
has recently entered the power generation market for applications in cell-phones and other small
devices. It is interesting that more companies selling cooling/heating modules do not also
advertise modules for the power generation market, as the cross-over seems to be fairly simple.
Regardless, at the time of this paper, only five companies seemed to be engaged in micro-power
generation. The larger power generation equipment market was mentioned extensively in the
last section. Consequently, it will not be mentioned again in this section. However, the Seebeck
effect in a medium sized power generation application forms the basis for the business model
suggested in this report and described in detail in the following section.
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3.3 Vehicular Waste Heat Recovery Business Model
In this paper it is suggested to pursue a waste heat recovery (WHR) business and an appropriate
business model is presented. After careful consideration of the competitive and current market
landscape, it was determined that applications not previously considered in the quadrant of
power generation and large products, per figure 32, might significantly alter the competitive
environment. It should be mentioned that entry into the small power generation market may lead
to material development hurdles that may be tougher to overcome than those in larger power
generation products. The primary reason is that small power generation applications are
typically within environments of small temperature gradients relative to larger power generation
equipment. That would mean the ZT would need to be high in order to maintain a decent COP
for the device. For instance, in a previous thesis it was determined that for a TE wristwatch
subjected to body heat flow of 10mW/cm 2, a ZT > 5 was necessary to obtain the necessary peak
output current of 100glW to operate the watch [36]. It is likely that small power generation TE
devices would be used in small electronic applications such as cell phones, wristwatches,
computers, and other types of electronic applications. These products are extremely price
competitive and it is unlikely that customers would be willing to pay a premium to utilize TE
power generators. However, this supposition would need to be further studied through focus
groups. Strategically, however, it seems possible that most of the players currently in the
heating/cooling market can easily adopt their devices to satisfy a hypothetically growing small
device power generation market. Consequently, a large amount of players within the small
device market make it more likely that prices of TE modules will steadily decrease, thus,
squeezing profit margins. In fact, today, TE products are rapidly becoming commoditized. For
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example, per a conversation with Gang Chen, a company in China is taking advantage of low
labor costs to ship on the order of over 20 million TE modules per year. And, it cannot keep
pace with demand. It claims to have a 13% world-wide market share, which translates to a
market size of over 154 million modules per year. In contrast, larger sized Seebeck applications
can typically be placed in higher AT environments, such as the product recommended in this
paper, so that there is more forgiveness in the device's COP. As there are a smaller number of
players in the large power generation market segment-three at the time of this paper-, it seems
likely that larger profit margins can initially be obtained. This would be especially true if the
products are at the device or system sub-assembly level. While introducing new materials with
improved ZT might bring about a change to the entire TE industry, profit margins would not be
high enough to establish a desirable business model. This is because material production is at
the beginning stage of the value chain and downstream users demand high profits margins as
payment for adding value to a customer's final product. There is a price, however, beyond
which the end customer would not be willing to pay. That price sets the upper bound on what an
end product should cost. The cost that each player in the value stream is willing to bear flows all
the way back to the material supplier. As a material supplier is at the beginning of the supply
chain, it must bear the lowest cost of production. Thus, its profit margins are small and
sometime non-existent. A more effective business model, therefore, is one in which devices and,
preferably, system sub-assemblies are sold as an end product, as they would command higher
profit margins. This is the rationale behind the business model herein suggested. It is also
suggested that a waste heat recovery thermoelectric generator device would serve as a
preliminary measure to mitigate ever-increasing personal fuel consumption demands by
improving fuel efficiency.
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With increasing globalization, previously dormant economies are experiencing a great boost to
their purchasing power. This is especially true of China and India. Not surprisingly, along with
their greater purchasing power comes a desire and ability to improve their standard of living. For
example, car prices in China are low enough that most middle class families can now afford one.
With approximately one billion in population, future fuel demands would be staggering. Such
large developing economies now compete with currently entrenched major market players as the
United States, Canada, and countries in Western Europe for world energy reserves. Competition
for constrained, depleting carbon-based resources is not likely to diminish in the near future. In
fact, we are currently witnessing first-hand the dynamics of an oil economy that will certainly
not improve on its own, unless deliberate action is taken to curb such dependency.
Reaching a peak of $75/barrel, the cost of Brent crude oil has steadily been increasing over the
last few years and clearly accelerating over the past five to six years (Graph 1). With most world
oil reserves concentrated in the Middle East and Venezuela, this of course, also presents a
national security issue to the United States. As transportation accounts for 67% of the 20 million
barrels of oil our nation uses per day, it would make sense to seek an improvement in fuel
efficiency in passenger and commercial vehicles. It would also stand to reason that gasoline
prices will continue to climb, making the idea of a thermoelectric generator seem a feasible
"stop-gap" measure to improve fuel efficiency. At least until some other method or device is
brought to, and widely accepted by the market.
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Given the above, the Department of Energy (DOE) has a goal to improve the fuel efficiency of
current vehicles by 10%. Although various manufacturers of passenger and commercial vehicles
are pursuing attainment of such goal through several different venues, such as turbo
compounding, there are four specific US projects that are developing TE waste heat recover
technology. In the commercial vehicle market, Caterpillar is joining with United Technologies,
Pratt & Whitney, Pacific Northwest National Laboratory and Hi-Z to develop a 500W
thermoelectric generator (TEG) for WHR on a Class 8 heavy-duty truck. The first three
companies will be developing the TE material. In addition, PNNL will be measuring its ZT
properties and developing a high volume thin-film deposition process for quantum well TE
devices. Per a conversation on 5/3/07 with John Fairbanks from the office of Energy Efficiency
and Renewable Energy, it is intended that the 15t generation TEGs will be composed of bulk TE
material, with quantum well structures being introduced as a 2nd generation design. Material
currently being considered is SiGe and BC alloys [17]. Hi-Z is working with Caterpillar to
design the individual TE devices that will go into a TE heat exchanger. Caterpillar is designing
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the TEG which will be comprised of an array of TE heat exchangers and supporting systems.
Exhaust gases out of the engine are to provide the Th at the hot side and cooling fluid exiting the
radiator will provide T, at the cold side. It is a 5-year project to be completed in 2009. By
Caterpillar's calculations, 40% of the fuel energy coming into its diesel engines is turned into
useful work to turn the gear shaft, 25% for heat transfer/cooling, and the remaining 35% is lost
as waste heat. This break-down is similar in passenger vehicles. Caterpillar estimates that
36,865MGal/year are consumed, at 35% waste this translates to 12,903 MGal/year not used. If
only 34% of that wasted fuel is extracted to a TEG, 4,387 MGallyear would be processed. At an
18% TE coefficient of performance that number would translate to 790 MGal/year recovered. A
COP on the order of 18% would, roughly, require a ZT of approximately 1.8-2.0. A well
designed system making efficient use of fluid and ambient heat exchange mechanisms, such as
systems designed and used in heated seats at Amerigon, might require a ZT on the lower end.
For estimation purposes, at an average of $3.00/gal, the fuel savings would translate to
$2,369M/year recovered. These approximations can be applied to the economy in general [17].
Table one presents estimates of dollar losses per day using an average of $2.40/gal of gasoline.
Table 1: Estimate of fuel used per day and associated dollar losses per day for the US economy.
Type % of Total Mgal/Day 35% Waste Heat Loss ($M/Day)
ff-Road Vehicles 12 55 46
n-Hwy Trucks (Commercial) 22 101 85
Pickup & Light Trucks (non- 28 130 109
ommercial)
assenger Cars 38 181 151
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Given the above numbers, it seems likely that customers would be willing to pay a percentage of
annual savings to obtain better fuel efficiency. In fact, in the passenger vehicle market, GM is
pursuing a similar project together with GE, who is developing the module design, Oak Ridge
National Laboratory conducting ZT measurements, RTI International researching super-lattice
TE material structures, and University of South Florida and University of Michigan conducting
bulk material research. The goal of the project is to demonstrate a 10% fuel economy
improvement cost-effectively. Materials will include those suitable for application to both
exhaust and coolant waste heat. The GM project is to also determine packaging specifications
for exhaust and radiator devices; develop functional and environmental standards; and also
determine cost targets for components and subsystems. GM estimates that a 10% fuel
improvement will be obtained as a consequence of:
1. Decreasing power load on the alternator. As alternators are mechanically coupled to the
engine via belts, engine load to "run" the alternator will be decreased leading to
decreased fuel needs.
2. Using a similar argument, it is expected that fuel efficiency will be improved by shifting
some of the engine-driven accessories to electrical drive, instead. These could be electric
power steering, electric cooling pump, or electric oil pump assist.
3. Attempting to use the power generated to assist in vehicle propulsion.
Also in the passenger vehicle market, is a project pursued by BSST, Visteon, BMW, and
Teledyne. Their project is similar to the GM project. And the fourth project is led by Michigan
State University (MSU). It also includes NASA Jet Propulsion Laboratory (JPL), Cummings
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Engines, Iowa State University (ISU), Marlow Industries, and Tellurex. In this case, the project
is more ambitious. The goal is to construct a TEG capable of delivering 20% efficiency using
TE devices constructed from material developed at MSU and segmented couples demonstrated at
JPL. The segmented couples from JPL are composed of skutterudite and bismuth telluride
alloys. Specifically, the p-type leg is comprised of one segment of Ceo.ssFe 3.sCo0.sSbl2 and a
second of Bi0.4Sb1 .6Te 3. The n-type leg is comprised of CoSb3 and Bi2Te.ss85Seo.15. It is claimed
that each segmented unicouple has a peak efficiency of =14% at 300K < AT 5 975K. Material
developed at MSU, with assistance from JPL, goes by the acronym LAST-m, which stands for
Lead Antimony Silver Tellurium and has the chemical formula Agl.xPbmSbTem+2. These
chalcogenides have been shown to exhibit ZT=1.2 to ZT=2.2 [36]. However, other papers place
the upper bound at ZT=1.65. For this project, an emphasis is being placed on AgPblsSbTe20.
Cummings Engines is to provide guidance on the benefits from TEG applications and trade-offs
in efficiency, cost an emissions requirements. It, along with MSU and ISU, will also model the
system design parameters. Marlow and Tellurex will provide guidance in evaluation of TE
materials and manufacturing methods. A fifth TEG project is being conducted outside of the US,
at Komatsu. Thus, given the fact that the WHR market space is in its infancy, but is poised to
grow and possibly attract venture capital. And given that customers might be willing to pay a
premium for a TEG, especially as fuel prices continue to climb, a WHR business is
recommended.
A flow chart for the proposed model is presented in figure 33. In essence, the first step of the
WHR business will be to purchase the customized material from a material supplier such as
General Atomics or General Electric. As others are doing, the first generation design will be
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based on bulk TE material. The WHR Company will make the TE modules in-house. The
modules will then be sent to an assembly line within the same facility where the modules will be
assembled with other peripheral devices into a heat exchanger. The heat exchanger assembly
line will be set-up as a manufacturing cell, near the main assembly line, to minimize disruption
of a lean manufacturing, just-in-time, flow. The completed heat exchanger will then be sent to
the main assembly line where it will be one of the many components used to assemble an entire
TEG. Through close work with the.automotive customer, the desired form, fit, and function of
the TEG will be known and peripheral parts will be purchased to assemble a TEG that will be
delivered to the customer as a "ready-to-assemble" system. To not rely on only one type of
customer base, a portfolio of possible applications is to be pursued. Alternate customers could
come from applications of shipboard WHR, generator sets, and steel or aluminum foundries.
This would require different TEG designs applicable to specific temperature environments.
Figure 33: Business Model for Waste Heat Recovery: Device fabrication and engineered system
performed by business.
...
•• illoe
~tien ...
Engineered
systemMaterial
Customer
t----- ..~ (Auto Company)
While the concept might sound interesting, it remains to be seen whether or not it will generate
profits. To assess profitability of this business model, a Net Present Value (NPV) analysis was
performed on a discounted cash flow basis. Several assumptions were required to perform the
necessary calculations. First, the analysis was performed over an 18 year time horizon. Clearly,
sales forecasts, manufacturing costs, and the change in business environment over such a long
period compounds inaccuracies inherent in assumptions. However, the model can be used as a
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"rough" guide to the possibilities of a TEG business. From 2007-2016, it is assumed that TEGs
will be manufactured as a 1St generation assembly using bulk TE material. Second generation,
2D quantum well TEGs will be introduced starting in 2017 until the end of the modeling period
in 2024. Further, the model will take a full-size passenger vehicle as the basis. We then proceed
to approximate how much can be charged for each TEG. The following rationale determines the
price that could be commanded for a TEG. We start with the DOE goal of improving fuel
efficiency by 10% and make the assumption that, on average, passenger vehicles have a 25
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Figure 34: 3-Yr Savings at 10% fuel efficiency improvement.
mile/gallon fuel efficiency [18]. Per figure 34, it is seen that for an average cost of $3.00/gallon
a 10% fuel efficiency improvement translates to a three-year savings of approximately $540, if
drivers average 15,000 miles/year. Savings increase with increasing fuel costs. Per Stabler's
comments, customers can bear a 25% cost extracted from the savings in order to pay for
improved performance [16]. Therefore, 25% of $540 is $135 the customer would be willing to
pay. Given that the TEG will be generating 1kW of power, price to the customer roughly
translates to $0.135 /W for the entire system. A marketing study performed by Caterpillar for
maximum acceptable cost/watt of TEG equipment on highway Semi-trucks found that an
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acceptable selling price would be $0.51/W. Taking the average between Stabler's and
Caterpillar's estimates, a selling price of $0.325/W is used in the model. Now, if 60 million
vehicles were sold world-wide in 2005 and 70 million are sold in 2010, then 98 million will be
sold by 2024, as a crude forecast. Assuming the first five year of the business start-up will be
used to develop the TEG, no sales will occur during that time. However, the model assumes that
as of 2012 market share of TEGs will begin at a very low pace, but eventually ramp-up to 13.7%
in 2024, per figure 35.
Figure 35: Assumed market share of TEGs.
To model the cost of goods sold, the following rationale was used. The highest power generation
TE module Tellurex currently sells through its website is capable of generating 5.7W, with
length and width dimensions of 54 mm x 54 mm, or a power density of 0.195 W/cm2. It sells for
$43.95. This translates to $7.71/W on a cost per watt basis. Additionally, Caterpillar estimated
that manufacturing cost per watt would decrease after six production years. Starting at $7.73/W,
it would decrease to $5.02/W, $3.20/W, $1.32/W, $0.58/W, and $0.36/W, in years 1-6
respectively. These figures are, of course, still for the semi-truck market. In a presentation to
DOE, Venkatasubramanian estimated the current cost of bulk technology at $5/W [37]. This is
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what we will use as the first year's cost, as Tellurexe's cost seems to be high relative to current
market prices and Caterpillar's high cost is for manufacturing at volumes lower than then
automotive industry. To model the necessary cost decrease as a function of time, we first look at
the drop in prices of photovoltaic (PV) modules. Figure 36 shows the correlation between $/W
and volume of modules shipped in units of kilowatt-peak (kWp). A statistical analysis showed
that cost in $/W decreased as a function of modules shipped according to the relation:
$/W=64.797MS -0.25 59  (3.1),
where MS is modules shipped. A check of that relation can be seen in table 2 under the column
labeled Check. Compare versus the column labeled $/W. The model, in general, shows good
agreement with data. There is a problem, however. The downward trend in prices of PV
modules is not sufficiently steep over a six year period to make TEG costs attractive for a
business venture. That is, if we adjust the model above for TEG volumes to start with a cost of
$5/W so that relation (3.1) becomes
$/W=41.92MS-0.2559  (3.2),
we find that by the sixth production year, 2017, TEG costs are only at $1.74/W. Given that we
chose to sell TEGs at $0.325/W, it is obvious that the business will operate at a loss of $1.415/W.
Not a very good proposition. Therefore, an arbitrary goal of decreasing costs at a rate of $1.5/W
per year was established until arriving at a final cost goal of $0.25/W. This goal is roughly
similar to that established by companies working on the above mentioned DOE projects. Figure
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37, shows the cost of good sold comparing PV costs trends versus that necessary to make the
TEG a viable business. Keeping in accordance with industry projected costs, it will also be
assumed that by year 2017 sufficient progress will be made in manufacturing 2D quantum well
structures by high-volume thin-film deposition methods to warrant a cost of $0.25/W. Therefore,
costs after 2017 will remain steady at this cost.
Figure 36: PV module cost relative to volume shipped
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Source: http://www.eia.doe.gov/fuelrenewable.html, 2007.
Table 2: PV statistical model
check.
Modules
Yr $/W Shp Check
1989 5.14 12,825 5.76
1990 5.69 13,837 5.65
1991 6.12 14,939 5.54
1992 6.11 15,583 5.48
1993 5.24 20,951 5.08
1994 4.46 26,077 4.80
1995 4.56 31,059 4.59
1996 4.09 35,464 4.44
1997 4.16 46,354 4.14
1998 3.94 50,562 4.05
1999 3.62 76,787 3.64
2000 3.46 88,221 3.52
2001 3.42 97,666 3.43
2002 3.74 112,090 3.31
2003 3.17 109,357 3.33
2004 P 2.93 181,116 2.92
2012 2013 2014 2015 2016 2017
Figure 37: PV module costs trends relative to TE required cost trends for a viable
business.
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Operating expenses of 10% of revenue are assumed, as well as a typical tax burden of 35%.
Sixty percent of the initial investment is assumed to be depreciable with a straight-line
depreciation occurring over a 10-year span. The remaining 40% of initial investment is to be
used for salaries, wages and other corporate obligations. A typical cost of capital of 12% was
used for cash flow discounting.
To understand the magnitude of the investment, a comparison with similar companies yields an
order of magnitude approximation. In this study, Modine is chosen since its business is in a
similar market, that is, in thermal management solutions. In its 2005/2006 annual report, it was
found that Modine acquired Transpro, Inc on 3/1/2005 for a total of $16.6Million, which
included a good-will of $3.4M [19]. Substracting good-will from total investment leaves
$13.2M that presumably includes primarily assets. This is, therefore, the investment used in the
financial model. Transpro is a good representative company for the following reasons. It has a
150,000 ft2 facility with 240 employees, roughly a similar size to the one envisioned in this
report, thus, providing a decent estimate of salary, wage and office equipment costs. Although
its business is in manufacturing aluminum charge air coolers and copper/brass radiators, it is
similar enough in nature to the manufacture of TEGs that the asset value includes a good rough
estimate of possible tooling and assembly line costs. Additionally, its customers are in the
market of heavy duty/specialty trucks, military vehicles, motor homes, bus transports, and power
generation equipment. This is a similar customer base envisioned in this business model.
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Proceeding with all the assumptions stated above, an NPV= $170.2M was obtained. Revenues
of approximately $1.3M are assumed to begin in 2012 and slowly increase to $4,363 Million by
2024. Although, the business will be unprofitable during the first four years of operation, as
costs are continuously decreased, it will become profitable for year 2016. Table 3 presents the
financial model.
Table 3: Financial model of a thermoelectric generator business.
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NPV 170,222,273
Given the financial model outcome, it seems that the business makes sense in terms of its
profitability. However, two questions that must be answered are: What power output would be
obtained and what is the required ZT of the TE material. To answer those questions one must
have an idea of the energy available in exhaust heat gases. Yang presents data showing that, on
average, power available from exhaust heat is on the order of 10kW [20]. Temperatures range
from 300K, on the cold side, to 900K on the hot side, with peaks of at least 1000K [18]. Given
these figures, to generate 1kW of power, a COP of 10% is needed. However, TE heat exchange
systems are not '100% efficient. In fact, the best that can be obtained is approximately 85% heat
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transfer efficiency. Therefore, a COP between 15 to 20% is needed to convert 10kW of available
power to 1kW, assuming a heat transfer efficiency of 50-67%, to be conservative. Now an
estimate of the ZT needed can be obtained from figure 2. It is found that for COP between 15-
20%, ZTs between 1.5 and 3.5 are needed. Operating temperatures require that these ZTs be
maintained at temperatures up to 1000K. At present there are no materials in this range.
AgPbo.18SbTeo. 20 is an alloy that some papers show at a ZT=1.65 and others at ZT=1.37.
Therefore, data is inconclusive with such a material. It is conceivable, however, that efficient
heat exchanger design can increase the heat transfer efficiency close to 85%, therefore, only
requiring COPs on the order of 11-12%. If heat exchangers are developed with such capabilities,
then bulk materials are currently available that can meet temperature and ZT criteria, such as
Zn4Sb3 with a ZT=1.3 [21], albeit at a limited temperature range, or the previously mentioned
alloy. So it makes sense to start the TEG business using bulk materials as a first generation
design, then transition to quantum well structures once that technology is more mature.
3.4 Vehicular Waste Heat Recovery Issues
The question remains, will the customer purchase a TEG option for their car? This is, of course,
a tough question to answer. And it mostly depends on consumer psychology regarding the
choice between purchasing a more fuel efficient vehicle that uses an internal combustion engine
or a new technology such as the hybrid electric vehicle. If one is to presume that TEGs would
follow the same: general sales trend of the Toyota Prius, then the assumed market share above
seems feasible. For instance, Toyota sold about 15,000 Prius' in 2000 and 53,991 in 2004, for a
total of more than 100,000 vehicles between 2000 and 2004. According to Green Car Congress,
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Prius worldwide cumulative sales passed the half-million mark by the end of April 2006 with
504,700 units sold.
Looking at Graph 2, there was slow progress between 2000-2004, but a tremendous rise from
2003-2005. So if sales of the TEG option follow the same trend, we will see a slow start, but a
rapid increase in sales over a 5 year period following commercial introduction, as customers
begin to embrace the new technology.
Graph 2: Prius Sales Worldwide 1997-2005
Source: http://www.greencarcongress.com/2006/06/prius passes 50.html
As the WHR projects progress, there are some implementation issues that must be addressed.
• Higher ZT materials for higher temperatures must be developed.
• Thermal management systems must have the capability to efficiently deal with the significant
flux in temperature levels as a function of the load placed on the vehicle. In fact, it seems
that efficient heat exchange mechanisms are the primary method of obtaining initial
significant improvement in TEG operations. To address this issue, BSST uses a system
whereby the engine exhaust gases directly heat a fluid comprised of 75% He and 25% Xe.
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That heated fluid is then circulated to the TE modules to generate the hot side of the TEG.
This mechanism serves to modulate fluctuations in exhaust heat.
* Need low electrical resistivity of metal to semiconductor Ohmic contacts, as well as low
resistivity in metal-to-metal and metal-dielectric current and thermal transfer contacts in a
temperature range of 300K 5 T 5 900K. To address this issue, all projects are designing a
Power Conditioning System to efficiently extract and distribute generated power.
* As thin-films ramp-up to high volume production, an understanding of how high-volume
deposition rates affect TE properties should be developed.
* Additionally, care must be taken that the TEG itself does not interfere with the vehicle's fuel
economy through either excess weight, high pressure drops, or undesired soot build up.
Some "back of the envelope" calculations show that weight may not be an issue, however. For
example, in figure 38 GM shows the fuel economy of a midsize truck as a function of alternator
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Figure 38: Mid-size truck fuel efficiency Figure 39: Fuel efficiency for various cars
load at various weights. A typical alternator load is 300W. Thus, a truck that weighs 4417 lbs
has n 18.6 mpg fuel economy. A 10% fuel efficiency improvement translates to an improvement
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of 1.86 mpg. GM has a rule of thumb that a mass penalty should not exceed 5% of the fuel
improvement gain, in this case 1.86. From data in the figure, the calculated mass penalty is 1190
lbs/Ampg [= (4417-4167) lbs/ (18.6-18.81) Ampg]. For this midsize truck, therefore, the TEG
should weigh less than approximately 111 lbs [=1190 x 5% x 1.86].
Table 4: Curb weight of several full size vehicles.
Model Year Curb weight (Ibs Cylinder Engine Size
Chrysler 300 2007 3721 VB 2.7L
Dodge Charger 2007 3820 V6 2.7L
Dodge Magnum 2007 3847 V6 2.7L
Ford Taurus 2008 3643 V_ 3.5L
Mercury Sable 2008 3643 VS 3.5L
Buick Lucerne 2007 3764 V6 3.8L
Nissan Maxima 2007 3591 V6 3.5L
Toyota Avalon 2007 3495 V5 3.5L
Hyundai Azera 2007 3629 V6 3.8L
Volvo S80 2007 3486 V6 3.2L
AVG 3664
Source: mww.kbb.com 6/17/2007
Following the above logic we can arrive at the maximum TEG weight for a full size car. At
300W, a full size car has a fuel efficiency of about 24.7 mpg, see figure 39. This gives 2.47 mpg
as the 10 % fuel efficiency improvement. Table 4 shows the weights of 10 full size vehicles as
obtained from Kelly's Blue Book. The average weight of a full size car is 3664 lbs. This is
82.95% of the midsize truck [=3664/4417]. From figure 39, we see that the fuel efficiency slope
of a midsize truck and full size car are approximately the same. Therefore, we will assume that
the mass penalty of the full size car can be proportioned linearly relative to a midsize truck.
Under that assumption, we arrive at a mass penalty of 987 lbs/Ampg [= (0.8295)(1190)] for a full
size car. With the above assumptions, then, we find that for a full size car the TEG should weigh
no more than approximately 122 lbs [= 987 x 5% x 2.47]. It seems unlikely that this weight limit
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will be exceeded. For instance, one TE module weighs approximately 10 grams, as a high
estimate. Taking again the highest power generation module from Tellurex, at 5.7 W per module
one would need approximately 200 modules to generate 1.1 kW. The 200 modules have an
approximate weight of 4.4 lbs, or 3.6% of the maximum TEG weight allowed. As long as the
heat exchange enclosure weighs less than 117.6 ibs, the weight limit should not be exceeded. As
a visual comparison for those who have done some weightlifting or have attended the gym at
some point, on a bench press 122 lbs is about two 45 lbs plus two 10 lbs weights added to the
bench press bar, which weighs about 13 lbs. It is not likely that a TEG this heavy would be
designed for the: underside of a passenger vehicle.
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Chapter 4: Intellectual Property Background
The most relevant patents in this paper encompass material processes and device designs. Of
primary interest is the newly filed patent by Caterpillar, 20050118157 (6/8/2006). Caterpillar's
patent tries to apply broad coverage for a thermoelectric generator device while specifically
addressing the company's need for its off-road vehicle application. For example, the patent
presents six different figures of a thermoelectric couple made up of a p-type element and n-type
element, or legs, similar to figure lb. It then mentions that while the couple can be made of bulk
thermoelectric material, other types of material with ZT ranging from 0.5 to 10 can be used.
This is an extraordinary claim, given that there are yet no TE materials with ZT above 3.5. The
patent also claims the following:
* that the couple could be made from zero-dimensional quantum dots of PbSnSeTe, or any
other material;
* that the couple could be made from one-dimensional nanowires of Bismuth Antimony,
or any other material;
* that the couple could be made from two-dimensional quantum wells of SiGe, BC, or any
other material;
o that the couple made from two-dimensional quantum wells could be oriented "in-
plane"; or
o that the couple made from two-dimensional quantum wells could be oriented
"cross-plane".
So, it seems that Caterpillar is strategically trying to gain broad coverage of thermoelectric
generators with this patent.
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Other patents of interest are:
Bulk Material and Devices
* US7166796 (1/23/2007): An individual inventor from Massachusetts received a patent
for a thermoelectric energy conversion device whose p and n-type elements could be
made of material compositions that could include: Mg, Si, Pb and Ba. Additionally, the
material for the n-type element could be doped with one or more of each of the
following: N, P, As, Sb, Bi, 02, S, Se, Te, Cl, Br, I, Mg, Ba, Li, Au, Al, In, Fe. The p-
type ele:ment could be doped with one or more of each of the following: Cu, Ag, Na, K,
Ru, Ce, B, Si, Pb. This seems to be a fairly broad patent. However, the device is made
of all bulk material. It remains to be seen whether or not an alloy made of any
combinations of the above elements results in a desirable ZT.
* US7178344 (1/16/2007): Amerigon received a patent for a thermoelectric heat
exchanger that is useful for converting electricity to a flow of conditioned air. The air
may be heated or cooled and is specifically aimed at vehicle seat temperature regulation.
* US7222489 (5/29/2007): Integrated thermoelectric module claimed by an inventor from
Italy. The device connects each TE element electrically in series and thermally in
parallel. The main difference with currently available devices is that the elements are
assembled on flexible supports composed of polymeric material. This arrangement is to
maximize geometry for optimal heat exchange. The device is meant to exploit the
Peltier effect for cooling.
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US7012554 (3/14/2006): Thermoelectric vehicle tracking device. Hi-Z claims a patent
in which a tracking device tracks a vehicle via a radio transmitter powered by the engine
exhaust heat. A thermoelectric module is attached to a hot portion of the exhaust
system. Electrical power generated by the thermoelectric module is used to power the
transmitter.
Thin-Film Quantum Well structures
* US7038234 (5/2/2006): Hi-Z claims a patent of a thermoelectric device with n-type and
p-type legs using quantum well structures but made of different materials. The n-type
legs consist of alternating 0.0 1pm thick layers of Silicon and Silicon Germanium. The
p-type legs consist of alternating layers of 0.01 pm thick layers of B4C and B9C.
* US7205675 (4/17/2007): Hewlett-Packard developed a micro-fabricated thermoelectric
device with alternating n-doped and p-doped regions connected electrically in series for
the use of micro-electronic cooling. It is fabricated using thin-film deposition
technology similar to MEMS fabrication utilizing photolithographic processes.
* US6452206 (9/17/2002): Patent assigned to MIT for quantum well superlattice.
One-Dimensional Nanowire Structures
* US6670539 (12/30/2003): Patent assigned to Delphi Technologies entitled "Enhanced
thermoelectric power in bismuth nanocomposites". It claims improved thermoelectric
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performance using a TE material comprising Bismuth based nanowires with an average
diameter of 5-15nm embedded in a host material of either porous alumina or silica.
US7098393 (8/29/2006): Scientists at California Institute of Technology patented at
thermoelectric deviced comprised of several nanowires of alternating n-type and p-type
materials and connected together into a bundle to increase power density. The wires are
electrically connected in series by a deposited thin metal film.
Zero-dimensional Quantum Dot structures
* US7179986 (2/20/2007): MIT patent on self-assembled quantum dot superlattice. In
this patent, a thermoelectric (TE) device includes a first leg of TE material (a
pseudobinary or pseudoternary alloy) and a second leg comprising a metal wire. The
second leg is in thermal and electrical connection with the first leg. The TE device has a
ZT value of approximately 2.0 at a temperature of approximately 300K.
* US6605772 (8/12/2003): Patent assigned to MIT for quantum dot superlattice composed
of PBSeTe/PbTe.
* US6444896 (9/03/2002): Patent assigned to MIT for quantum dot superlattice
thermoelectric materials and devices.
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Chapter 5: Conclusion
In this paper, the Seebeck effect was introduced as one way of exploiting power generation of a
thermoelectric material. In general, a current is generated when a TE material is subjected to a
temperature gradient. In contrast, the Peltier effect requires a voltage that generates a current
through the material, thus creating a temperature gradient. The Peltier effect is currently the
most widely used for device applications, primarily for cooling. The efficiency of Peltier and
Seebeck devices are measured through Coefficients of Performance, which have as an upper
limit the Carnot efficiency. In both cases, it is apparent that the COP can be increased by raising
the material's figure of merit, ZT. However, increasing ZT is difficult as the properties that
define it are correlated. For instance, increasing electrical conductivity also increases thermal
conductivity. As thermal conductivity is driven by phonon propagation, the optimal material
would be a Phonon-Glass Electron Crystal, that is, material with very low thermal conductivity,
but very high electrical conductivity. No such material exists in nature. Consequently, much
work has gone into research and development of material properties that would closely resemble
such a miraculous substance. To date, researchers are investigating superlattice structured
engineered material with 2D quantum wells, lD nanowires, OD quantum dots, and
nanocomposites that exhibit both characteristics of bulk material and OD quantum dots. A
problem exists in the costs, however. Some sources quote the cost of quantum wells as $10/W.
That does not compare well with photovoltaics at a current cost of $3/W. Tables five and six list
approximate costs of nanowires and quantum dots, respectively. Prices for quantum dots were
taken out of Ocean Nano Tech's product sheet, a company out of Arkansas. For comparative
purposes, a QD price for the available lot size from Evident is also listed. It does not seem likely
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that high volume commercial ventures will be started with either quantum dots or nanowires for
two reasons: Materials using these structures have not yet shown high enough ZTs and the costs
are prohibitive. As there are current products using quantum well structures, such as VCSEL
and some LEDs, such structures may be more feasible in the near future.
Table 5: Nanowires Table 6: Quantum Dots
100 $12,400 1 $124
Quantum Dots
mg gram $ $/g
10 0.01 $149 $14,900
50 0.05 $449 $8,980
200 0.2 $749 $3,745 *Evident
500 0.5 $2,249 $4,498
5000 5 $14,999 $3,000
In terms of the TE market, there are very few companies generating electricity through the
Seebeck effect. After careful examination of the market and state of the economy, with regards
to fuel efficiency, it is recommended that a business be established to exploit the Seebeck effect
by using waste heat exiting the engine to generate electricity that can be fed back into a vehicle
system. A discounted cash flow model yielded a positive NPV under several assumptions
mentioned in section 3.3. The business model seems more feasible if high-efficiency heat
exchangers are developed to lower the necessary ZT to within 1.2-1.3. TE alloys currently exist
that can offer those figures of merit.
In short, after further research and development of thermoelectrics, they could become a
new source of energy that could compete well with other forms of alternative energy such as
photovoltaic cells. It seems likely that TE materials will continue to be developed and advanced
into the future until such point as they come to be increasingly used for alternative energy
applications.
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Nanowires
Based on Carbon SWNT prices
gram $ $/g
1 $210 $210
10 $1,600 $160
50 $6,850 $137
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Appendix
Table Al: Output current, Heat, Power output, and efficiency as a function of temperature
differentials for power generation mode.
Tc (K)
300
N
16
K
8.00E-04
R
1.82E-02
S
4.20E-04
A/L
5.00E-04
k
1.6
P
9.09E-06
Table A2:
AT
5
10
20
25
35
45
50
80
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
Th
305
310
320
325
335
345
350
380
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1150
Tavg
303
305
310
313
318
323
325
340
350
375
400
425
450
475
500
525
550
575
600
625
650
675
700
725
ZTavg
0.9
0.9
0.9
0.9
1.0
1.0
1.0
1.0
1.1
1.1
1.2
1.3
1.4
1.4
1.5
1.6
1.7
1.7
1.8
1.9
2.0
2.0
2.1
2.2
I (A)
0.058
0.115
0.231
0.288
0.404
0.519
0.577
0.923
1.154
1.731
2.308
2.885
3.462
4.038
4.615
5.192
5.769
6.346
6.923
7.500
8.077
8.654
9.231
9.808
Qh
0.18
0.37
0.75
0.95
1.36
1.78
2.00
3.38
4.38
7.15
10.31
13.86
17.80
22.12
26.83
31.93
37.42
43.29
49.55
56.20
63.24
70.66
78.47
86.67
WCh
0.000
0.002
0.008
0.012
0.024
0.039
0.048
0.124
0.194
0.436
0.775
1.212
1.745
2.375
3.102
3.925
4.846
5.864
6.978
8.190
9.498
10.904
12.406
14.005
q
0.00
0.01
0.01
0.01
0.02
0.02
0.02
0.04
0.04
0.06
0.08
0.09
0.10
0.11
0.12
0.12
0.13
0.14
0.14
0.15
0.15
0.15
0.16
0.16
Heat pumping rate, voltage necessary, Power consumption, and Coefficient of
Performance as a function of Input current at several temperature differentials for cooling mode.
Tc
230
230
230
230
230
230
230
230
230
230
230
230
230
230
Tavg
265
265
265
265
265
265
265
265
265
265
265
265
265
265
ZTavg
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
I (A)
0.05
0.1
0.2
0.30
0.40
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
Qc (W)
-1.14
-1.06
-0.88
-0.71
-0.54
-0.38
0.40
1.11
1.75
2.31
2.80
3.22
3.56
3.83
V
0.97
1.00
1.06
1.12
1.17
1.23
1.52
1.81
2.11
2.40
2.69
2.98
3.27
3.56
W
0.02
0.05
0.11
0.17
0.23
0.31
0.76
1.36
2.11
3.00
4.03
5.21
6.54
8.01
-47.15
-21.13
-8.34
-4.25
-2.31
-1.23
0.53
0.82
0.83
0.77
0.69
0.62
0.54
0.48
70
70
70
70
70
70
70
70
70
70
70
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
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50
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50
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230
230
230
230
230
230
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240
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240(
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270
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0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
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0.8
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9.00
9.50
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0.05
0.1
0.2
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0.40
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1.00
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2.50
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4.50
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4.21
4.19
4.10
3.93
3.70
3.39
3.00
2.55
2.02
-0.97
-0.88
-0.70
-0.52
-0.35
-0.19
0.61
1.34
1.99
2.57
3.08
3.51
3.87
4.16
4.38
4.52
4.59
4.59
4.51
4.36
4.14
3.85
3.48
3.04
2.53
-0.79
-0.70
-0.52
-0.34
-0.16
0.01
0.82
1.56
2.23
2.83
3.35
3.80
4.18
4.49
3.85
4.14
4.44
4.73
5.02
5.31
5.60
5.89
6.18
6.47
6.76
0.84
0.86
0.92
0.98
1.04
1.10
1.39
1.68
1.97
2.26
2.55
2.84
3.14
3.43
3.72
4.01
4.30
4.59
4.88
5.17
5.47
5.76
6.05
6.34
6.63
0.70
0.73
0.79
0.85
0.90
0.96
1.25
1.55
1.84
2.13
2.42
2.71
3.00
3.29
9.63
11.40
13.31
15.36
17.56
19.91
22.40
25.04
27.82
30.75
33.82
0.02
0.04
0.09
0.15
0.21
0.27
0.69
1.26
1.97
2.83
3.83
4.98
6.27
7.71
9.30
11.03
12.90
14.92
17.09
19.40
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24.47
27.22
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33.15
0.02
0.04
0.08
0.13
0.18
0.24
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1.16
1.84
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4.74
6.00
7.41
0.42
0.36
0.32
0.27
0.23
0.20
0.17
0.14
0.11
0.08
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-20.26
-7.57
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